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Enhanced mid-visible light absorption and long-
lived charge carriers in an electronically and
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The ever-increasing demand for sustainable solutions for eliminating environmental pollutants, solar
energy harvesting, water splitting, etc. have led to the design and development of novel materials to
achieve the desired result. In this regard, structurally and electronically integrated (SEI) BiVO4-TiO, (SEI-
BVT) with abundant heterojunctions has emerged as a promising entity for efficient charge separation,
which in turn enhances artificial photosynthesis (APS) activity. The present work adopted a unique syn-
thetic strategy using SILAR to fabricate SEI-BVT from ionic precursors (Bi** and VO,*7) into the pores of
TiO,, exhibiting benchmark APS efficiency compared to the individual components. This preparation
results in approximately 180 trillion uniformly distributed heterojunctions in 1 mg cm™ of the SEI-BVT
photoanode material. Charge carriers in SEI-BVT and BiVO, are similar; however, the recombination is
highly hindered when SEI-BVT heterojunctions are formed in the former. Our earlier work demonstrated
31-38% solar-to-fuel efficiency (STFE) with BiVO4—-TiO, for APS in the presence of the Pd-nanocube co-
catalyst. The emphasis of the current work is to explore the dynamics of the light-induced processes in
these heterojunctions to understand the interfacial charge transfer process. Femtosecond transient
absorption (TA) spectroscopy has been employed to monitor the excited state dynamics. Our results
show that new trap states have evolved under light illumination, which are significantly long-lived and
hinder charge recombination, and consequently enhance STFE. A significantly large number of charge
carriers exhibit a lifetime of >6 ns with visible light photons, at least up to 720 nm, which is higher than
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Introduction

Semiconductor-based photocatalysis and electrocatalysis for
water splitting, the CO, reduction reaction (CRR) and biomass-
upgradation have gained immense attention in the last ten
years owing to their ability to utilize naturally abundant solar
energy.””” Nonetheless, the major challenge that humanity
faces is global warming due to the excessive use of convention-
al carbon-containing fossil fuels.>* Rapid urbanisation and
industry are necessary evils that also contribute to environ-
mental pollution. Therefore, it is essential to find the necess-
ary solutions to eliminate such pollutants. By 2035, the annual
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carbon dioxide emissions alone will be more than forty giga-
tons.> Several approaches are employed to convert CO, to
value-added chemicals like methanol, ethanol, and formic
acid. In this regard, photocatalytic conversion and artificial
photosynthesis (APS) appear to be sustainable approaches.®
Over the years, several research groups have sought to improve
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solar harvesting using semiconductor materials.”'® The
photocatalytic efficiency primarily depends on light absorption
by the material, the extent of charge recombination of the gen-
erated excitons, and surface reactions involving the charge car-
riers that do not recombine within the reaction time scales.®
Any high efficiency photocatalysts prepared for such appli-
cations must be tested for these properties for better
exploitation.

The photocatalytic properties of titania, owing to its practi-
cal applications in water splitting, photo-induced electron
transfer, air purification, etc., have been extensively studied to
understand its excited state dynamics.'*™**> However, the use of
titania is limited due to its wide band gap (E; = 3.2 eV), result-
ing in the absorption being limited to the UV part of solar
radiation. The efficiency of the photocatalytic material is
further governed by the electron-hole dynamics after light
absorption. Earlier studies have indicated that the trapped
holes absorb at ~500 nm in the mid-visible range, while the
electrons absorb around 700 nm.'®'” The excited state
dynamics in TiO, are complex and the electrons and holes are
distributed in various kinds of trapping sites. Yoshihara and
co-workers studied nanocrystalline films of TiO,, where the
dynamics were separated into free electrons and trapped elec-
trons.™ This work showed that the trapped species, including
trapped holes, were distributed on the surface while the free
electrons were distributed in the bulk. The recombination of
free electrons and holes was observed to occur in microsecond
timescales, while the recombination of surface electrons with
holes occurred within a few nanoseconds."® Ultrafast transient
spectroscopic measurements on nanocrystalline TiO, have
revealed that the surface electrons decay into deep traps within
0.5 ns.” In order to improve the efficiency of titania, several
methods have been employed."*'*'®! Integrating TiO, with
another semiconducting material giving rise to heterojunc-
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tions has emerged as a potential and promising method to
improve the catalytic efficiency of Ti0,.>>"*

Bismuth vanadate (BiVO,), owing to light absorption from
the mid-visible portion of the solar spectrum, exhibits a band
gap of 2.35 eV (530 nm).>>*® This value is just below the
reduction potential for water, making it a promising candidate
for water oxidation, which is the critical requirement and first
step of APS. Bismuth-based materials have gained attraction
due to their resistance to corrosion, non-toxicity, water oxi-
dation capability, and reasonably good dispersibility.”” "
However, BiVO, suffers from poor surface catalytic activity.
Recently, Salgaonkar et al. have reported a successive ionic
layer adsorption and reaction (SILAR) approach to obtain a
structurally and electronically integrated BiVO,-TiO, (denoted
as SEI-BVT or BVT) photoanode with a few hundred trillions
of heterojunctions. This material exhibits type II heterojunc-
tions.? It has been demonstrated that the BiVO,-TiO, hetero-
junctions achieved using the SILAR approach exhibited high
activity for the CO, reduction reaction (CRR), with BiVO, being
the primary source of the visible light absorber in SEI-BVT.
The device performance remained largely unchanged over a
large photoanode area (9 cm?®) too. In our earlier work, we
suggested that multiple band gaps are possible due to the dis-
tribution of BiVO, quantum dots (BV QDs) of different sizes
(1.5-6 nm), which results in broad absorption of visible light.
We also semi-quantitatively calculated the existence of a large
number of nano-heterojunctions in SEI-BVT. These hetero-
junctions are directly responsible for charge carrier separation,
which in turn enhances solar-to-fuel efficiency (STFE)
(31-38%) of APS. CRR experiments, indeed, underscore an
efficient charge separation at the heterojunctions.?

BivO, is known to have complex carrier dynamics that
occur in multiple stages.>*?? Kennis and co-workers have
suggested that a fraction of photogenerated holes are trapped
in less than 200 fs, while a more significant fraction of holes
are trapped over 5 ps. The photo-excited electrons exhibit
much longer dynamics. The excited electrons undergo relax-
ation over the first 40 ps, followed by forming trap-states over
the next few nanoseconds. The charge recombination is
suggested to occur over much longer timescales up to a few
microseconds.’® The hole decay process is shown to be
affected when heterostructures of BiVvO, with metal oxides like
WO; are prepared. In such systems, the internal decay within
BivO, is hampered, resulting in long-lived charge-separated
states.®® The heterojunctions of SEI-BVT composites formed
using hydrothermal methods have been shown to have
enhanced photocatalytic oxidation activity towards the degra-
dation of organic dyes.*” There have been very limited reports
that have investigated the dynamics of charge carriers in SEI-
BVT composites. For example, a work by Hess et al. reported
that physical charge separation yields extremely long-lived
photoexcited states, which in turn enhances the photoelectro-
chemical functionality;>” however, a TiO, (NR-nanorod)-BivVO,
composite was prepared by mixing, followed by centrifugation
and spin-coating on FTO to a thickness of 200 nm. In the
present work, we have studied the dynamics of BVT prepared
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by the SILAR method using femtosecond transient absorption
spectroscopy. The SILAR process results in a large number of
quantum dots of BiVO, inside the micro and mesopores of
titania, which in turn results in 180 trillion heterojunctions.
Studying the interfacial charge transfer across heterojunctions
in a structurally and electronically integrated composite would
help synthesize photocatalytic materials with better perform-
ance. To this end, through ultrafast spectroscopic investi-
gations, we notice that newer electronic states are generated at
the interface of heterojunctions, resulting in broader absorp-
tion of the solar spectrum, which is otherwise limited for TiO,.
Furthermore, it has been shown that the excited state
dynamics of SEI-BVT are not affected by the thickness of the
material, reflecting the possibility of increased scalability to
prepare photoanodes for practical applications.

Experimental
Materials and methods

P25-TiO, thin film preparation by the doctor blade method.
An FTO (fluorine-doped tin oxide) plate was employed as the
conducting substrate. Initially, the FTO plate was cleaned with
isopropyl alcohol, followed by TiCl; treatment on the conduc-
tive side of FTO. The P25-TiO, paste was coated using the
doctor blade method over an area of 1 cm” on a clean FTO
plate uniformly, dried at 333 K for 2 h, and then air-calcined at
723 K for 30 min. The detailed procedure for TiO, paste prepa-
ration is given in our earlier publication in ref. 2. The thick-
ness of such films was varied between 4, 6, and 10 um for the
present studies. The thickness was tuned by controlling the
concentration of the TiO, slurry.

BiVO,-TiO, (SEI-BVT) photoanode preparation. BV QDs
were assembled in the mesopores of titania by following the
SILAR approach. A Bi** containing solution was prepared by
mixing 25 mM Bi(NO;); in a mixture of water and acetic acid
at a 19:1 ratio. Similarly, 25 mM NH,VO; solution was pre-
pared by dissolving the required ammonium metavanadate in
water at 348 K. The former and latter solutions are the sources
of cations and anions, respectively, and they were employed in
the SILAR method to assemble Bi** and VO, ions in the pores
of TiO,. A pre-coated TiO, film on FTO, prepared using the
standard doctor-blade method, was immersed in Bi(NO;);
solution for 20 s; this was followed by subsequent immersion
in NH,VO; solution maintained at 348 K for 20 s. This was fol-
lowed by washing with deionized water to remove any weakly
held precursor ions. All three steps together are considered as
one SILAR cycle. The amount/size of BV QDs in the titania
pores gradually increased as the number of SILAR cycles sub-
jected increased; in particular, 10 SILAR cycles were applied on
the TiO, film, exhibiting the maximum activity of the device.
However, for the present dynamics studies, 2 and 10 SILAR
cycles were applied on different thicknesses of TiO, films,
namely 4, 6, and 10 pm, and evaluated. After the required
SILAR cycles, the film was annealed in air at 723 K for 2 h to
form uniform BV QDs in the pores of TiO,. This procedure
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leads to the SEI-BVT photoanode device. 1 cm? of the SEI-BVT
device contains 1 mg of photoanode material; 2.5 + 0.3 wt%
BiVO, QDs are present in the pores of 97 + 5 wt% TiO,. It is to
be noted that more than the required number of SILAR cycles
leads to the deposition of BiVO, on the exterior surface, which
would lead to agglomeration. To completely avoid this, the 4
and 6 pm thick films were subjected to 2 SILAR cycles, while
the 10 pm TiO, film was subjected to 10 SILAR cycles.

The same SILAR procedure was also employed to prepare
the bulk BivO, film, but directly on a plain FTO plate. 10
SILAR cycles were applied on an FTO plate with precursor solu-
tions of Bi** and metavanadate. This was followed by drying at
333 K and air-calcination at 723 K for 2 h. Although the BivVO,
film could be made using the SILAR method directly on an
FTO plate, the thickness of the film was observed to be
~1.5 pm, and hence the advantage of preparing QDs in TiO,
mesopores could not be achieved.

Characterization

Diffuse reflectance UV-vis measurements were performed
using a Shimadzu spectrophotometer (model UV-2550).
Powder X-ray diffraction (XRD) data were obtained using a Pan
Analytic X'pert Pro dual goniometer diffractometer, employing
Cu-Ka (1.5418 A) radiation with a Ni filter. Field emission
scanning electron microscopy (FESEM) and energy dispersive
spectroscopy (EDS) were performed using an FEI NOVA
NANOSEM 450 FESEM system equipped with an EDS detector.
The pore volume and pore size distribution were determined
using nitrogen adsorption isotherms at 77 K recorded using a
Quadrasorb for physisorption (Quantachrome) instrument.
The incident photon-to-current efficiency (IPCE) measure-
ments were conducted using a two-electrode setup with an
electrochemical analyzer. The sample was employed as the
photoanode; a platinum foil was the reference electrode. The
photoanode was deposited on a fluorine-doped tin oxide (FTO)
substrate. The IPCE measurement was performed using a
Newport solar simulator (UUX 1404565) in CO,-saturated water
at 25 °C, using a monochromator for specific wavelengths.
Time-resolved spectroscopy investigations. Transient absorp-
tion spectra for solid samples of TiO,, BiVO,, and SEI-BVT
were recorded using a Helios TA spectrophotometer (Ultrafast
Systems, USA). The pump wavelengths were generated using
an OperaSolo Optical parametric amplifier (Coherent-Light
Conversion, USA), which was pumped by 800 nm (1.5 m] per
pulse) generated by an Astrella amplifier (Coherent, USA) oper-
ating at 1 kHz. A fraction of the amplified output was used for
generating white light on a sapphire window. The transient
absorption signals were recorded on a CCD spectrograph inte-
grated into the Helios system. The time difference between the
pump and probe wavelengths was controlled using an optical
delay line, whose minimum and maximum delays were 14 fs
and 7.5 ns, respectively. The samples were translated during
the measurement course. The acquired data were corrected for
chirp between red and blue edges of the white light. Solid
samples were used for all the measurements. All measure-
ments were performed in transmission mode. The experiments

This journal is © The Royal Society of Chemistry 2025
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were performed on TiO, deposited on fused silica windows,
BivVO, deposited on fused silica windows, and BVT prepared
using the SILAR method and deposited on fused silica. Plain
TiO, films were excited with a 380 nm pump, while other
samples were pumped at 380 and 450 nm. The white light
probe extended from 430 to 800 nm. The energy of the pump
pulse at the samples was ~80 nJ per pulse. This energy is
sufficiently low to avoid sample decomposition.*® The size of
the pump beam at the sample was ~200 pm. The pulse width
was typically 80 fs. The white light probe was tightly focused to
a diameter of ~80 pm. The pump and probe beams had the
same polarization for all the measurements.

Results and discussion

Assembling and integrating BiVO, quantum dots in nanopores
of TiO, - TEM-HRTEM characterization

TEM analysis was carried out with the SEI-BVT material to
explore the textural properties, particularly the containment of
BV QDs in TiO, pores and the inevitable heterojunctions
among them. Representative TEM images recorded are shown
in Fig. 1. While bare TiO, shows uniform grey contrast par-
ticles (not shown), SEI-BVT shows a number of TiO, pores
filled with BV QDs; the dark contrast underscores the
assembled BV QDs in the mesopores of titania. Indeed, assem-
blies of BV QDs are observed uniformly in the TiO, mesopores
indicating their distribution over the entire thickness of the
film. The HRTEM images show that BV QDs are spherical in
shape with particle size ranging, predominantly, between 1.5
and 5.0 nm. HRTEM demonstrates type-II heterojunction for-
mation between BV QDs and TiO, due to the confinement of
the former in the micro and mesopores of the latter. The
uniqueness of the SILAR method appears to be similar to that
of nature, in which the atomic/ionic assembly occurs by facili-
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tating the diffusion of the ionic precursors, and the high
energy of inner surfaces of pores helps in assembling a mono-
layer of cations and anions in the pores for each SILAR cycle.
In fact, XRD of TiO, with assembled ionic precursors is no
different from TiO,. Only on air calcination at 723 K, BV fea-
tures appear in XRD, and ensure the assembly of BV QDs in
the TiO, pores. BV QDs show a d-spacing of 0.308 nm corres-
ponding to the highly abundant (121) facet (Fig. 1b). TiO, par-
ticles display the abundantly available inter-planar distance (d
= 0.35 nm), corresponding to the (101) facet of anatase. TEM
studies fully support the diffusion of ionic precursors (Bi**
and VO;7) into the pores of TiO, and thus BiVO, QD formation
on calcination. BiVO,-TiO, heterojunctions observed over the
entire film thickness help in electron-hole separation as well
as the dispersion of electrons to the cathode, through the
bottom FTO plate. The N, adsorption-desorption isotherms of
SEI-BVT and TiO, materials exhibit a type-IV adsorption-de-
sorption isotherm (Fig. S1t). The BET results (Fig. S1af) of
P25-TiO, (BVT) show a surface area and pore volume of 58 (54)
m? g~ and 0.18 (0.16) ml g~*. According to the pore size distri-
bution, pore volume is primarily contributed by mesopores
(>2 nm) and to a lesser extent by micropores (<2 nm) in both
cases. A significant and notable reduction in the pore volume
for SEI-BVT, compared to TiO,, is observed, which is attribu-
ted to the BV QDs occupying the pores. In addition, a clear
decrease in the extent of micro and mesopores is observed in
pore size distribution, which fully supports the pore-filling by
BV QDs in the TiO, host matrix.

HAADF-STEM image and elemental analyses (Fig. S27)
provide further evidence of incorporation of BiVO, quantum
dots in the pores of TiO, films. As shown in the elemental
mapping, the BiVO, quantum dots are evenly distributed,
especially on the pores as well as at the edges and outer sur-
faces of the titania particles. Additionally, there is a slightly
lower density of BV-QDs within the larger TiO, particles. The

Fig. 1 (a) TEM image of the SEI-BVT photoanode material at the 20 nm scale bar. (b) HRTEM image of SEI-BVT at the 2 nm scale bar exhibits the
confined BiVO,4 QDs in TiO, mesopores and abundant heterostructures formed between them. The dark contrast and d-spacing confirm the pres-

ence of assembled BiVO, in grey contrast TiO,.

This journal is © The Royal Society of Chemistry 2025
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distribution of BV-QDs is most noticeable in Fig. S2 (panel
b).t These findings align well with the TEM and HRTEM
results.

UV-visible absorption spectroscopy was employed to evalu-
ate the optical absorption characteristics of TiO, (10 pm), SEI-
BVT and bulk BVT, and the spectra are shown in Fig. 2(a). No
significant changes were observed in the UV-vis spectra of TiO,
films of different thicknesses. It is well known that TiO,
absorbs exclusively in the UV region with no absorption from
the visible region. Bulk BiVO, exhibits an absorption edge at
~530 nm (Eg = 2.35 eV), while the same is observed at 490 nm
with the SEI-BVT photoanode, corresponding to E, = 2.53 eV.
The bandgap increased significantly for SEI-BVT due to the
quantum confinement of BV QDs in the pores of TiO,, as

—o—TiO,
—=—BiVO,
—o—BiVO,-TiO,

Absorbance (a.u.)

300 400 500 600 700
Al nm

(b)

SEI-BVT

Intensity / Arb. Units

20 30 40 50 60 70
20/ Deg
Fig. 2 (a) UV-visible absorption spectra of bulk TiO,, BiVO,4 and SEI-
BVT (BiVO4-TiO,) photoanodes. Note a blue shift in the absorption

onset after the integration of BiVO, in TiO, pores. (b) Powder X-ray diffr-
action of bulk BiVO,, TiO, and SEI-BVT (BiVO4-TiO,) photoanodes.
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evident from HRTEM (Fig. 1). In addition, a notable color
change from greenish yellow for bulk BiVO, to bright yellow
for SEI-BVT was observed (Fig. S3t). These observations indi-
cate that BiVO, and TiO, are electronically integrated into one
BVT composite photoanode material. The data support the
notion that the ionic precursor components (Bi*" and VO;~) of
BiVO, diffuse into the TiO, pores due to the SILAR method.
Post-calcination, these precursors convert to BV QDs within
the TiO, pores. The embedding of QDs ensures the formation
of heterojunctions with a core-shell morphology, potentially
involving BiVO, protrusions into TiO,, thus indicating elec-
tronic as well as structural integration.

The powder X-ray diffraction (XRD) spectra are consistent
with previous reports, where a shift in the (121) plane (26 =
28.85°) of bulk BiVO, was observed in SEI-BVT, as shown in
Fig. 2(b). This shift generally suggests lattice compression
along the (121) facet of BiVO,. X-ray photoelectron spec-
troscopy (XPS) analysis revealed that only V** is present in SEI-
BVT, while both V°* and V** are detected in bulk BiVO, (Fig. S4
in the ESIt). This finding suggests that charge transfer occurs
from BiVO, to the TiO, lattice, facilitating efficient charge
transfer. No significant changes were observed in the core-level
binding energies (BEs) of Ti 2p3/2 (458.7 eV) and Bi 4f7/2 (159
eV) between BVT and BiVO,.

A wireless artificial photosynthesis device made with SEI-
BVT as the photoanode and Pd-nanocubes coated as a co-cata-
lyst, designated as BVT-APS was used to assess the photo-
catalytic CRR. The experimental conditions included evalu-
ation under one sun conditions, both under laboratory settings
and direct sunlight exposure. Experiments were performed
with CO,-saturated water in the presence of direct sunlight in
a batch reactor, and product analysis was carried out period-
ically using HPLC. Product yields observed as a function of
illumination time are shown in Fig. 3a. Interestingly, the only
carbon-containing liquid products detected were formal-
dehyde (HCHO) and methanol (MeOH). No other carbon-con-
taining liquid or gaseous products, such as CO, formic acid
(HCOOH), methane (CH,), or hydrogen (H,), were found. After
a 5 hour reaction period under direct sunlight using a 1 cm?
BVT-APS device, the cumulative yields of HCHO and MeOH
were found to be 358 and 281 umol, respectively. Table ST1t
summarizes the products from the batch mode CRR under
direct sunlight for 5 hours. Repeatability of the yield was
observed throughout several batches within +10% error
margin. Notably, 38% of the initially dissolved CO, was con-
verted into solar fuel or chemicals within the 5 hour time-
frame, indicating a first-order reaction kinetics based on a
linear evolution of CO, conversion and product selectivity.
While the total yield of both products increased, the ratio of
MeOH : HCHO also increased as a function of illumination
time, suggesting a gradual increase in the conversion of CO, to
products, and sequential hydrogenation of CO, to HCHO and
subsequently to MeOH. This phenomenon highlights the
possibility of optimizing reaction parameters to generate
methanol selectively. Furthermore, the only oxidation product
was found to be oxygen (O,), with a yield of 8.3 pmol h™" cm?,

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Photocatalytic CRR activity and CO, conversion rate observed with a 1 cm? SEI-BVT APS device under direct sunlight for 5 h. (b) The
wavelength-dependent incident photon-to-current efficiency (IPCE) performance of photoanodes compared to the SEI-BVT absorption range.
Inset shows the photocatalytic CRR activity comparison under direct sunlight irradiation conditions for TiO,, BiVO4 and SEI-BVT. The total amount
of Cl-oxygenates observed with SEI-BVT is at least 20 times higher than that observed with BiVO,4 alone, underscoring the importance of material

integration aspects; TiO, does not show any Cl-oxygenates.

which was significantly less than the expected stoichiometric
amount in comparison with the reduction products.

Batch-type CRR conditions, utilizing CO,-saturated water,
were used for the IPCE measurements at 298 K, without any
applied potential, and the results are shown in Fig. 3b.
Notably, the IPCE values for the SEI-BVT photoanode signifi-
cantly surpass those of the bulk BiVO, photoanode across the
entire visible light spectrum. Above 550 nm, the IPCE value for
the BVT photoanode remains constant at 8%. Bulk BiVO, shows
IPCE values around 6.5% up to 440 nm, which rapidly decreases
at longer wavelengths to 0 at 520 nm. It is important to note that
pure/bulk BiVO,, prepared using the SILAR method, has a large
particle size of ~400 (+100) nm (Fig. S5, ESIf) with low IPCE
values above 440 nm due to high charge carrier recombination. A
huge increase in the IPCE values from 13% (at 460 nm) to 31%
(at 410 nm) indicates that smaller BV QDs contribute significantly
to the photocurrent generation and also to the overall CRR
activity. It is very likely that the micropores are filled in the first
few SILAR cycles with BV QDs, followed by the filling of meso-
pores. Smaller BV QDs result in higher IPCE values, suggesting
that micropores of 1-2 nm diameter, with significantly larger
band gaps, are filled. This is supported by the visible light absorp-
tion by SEI-BVT, as shown in Fig. 3b. The CRR activity obtained
with SEI-BVT, BiVO,, and TiO, photoanodes with Pd-nanocubes
as the co-catalyst under one sun conditions are shown in the
inset of Fig. 3b. High IPCE values highlight effective charge separ-
ation and diffusion over macroscopic distances for SEI-BVT
photoanodes, contributing to higher CRR activity than those of
BiVO, and TiO,. More details about the reaction aspects are avail-
able in our earlier report.”

This journal is © The Royal Society of Chemistry 2025

Time-resolved spectroscopy investigations

TiO,-coated fused silica absorbs strongly throughout the UV
and visible regions. The transmission of probe light through
uncoated fused silica and the samples coated with TiO, of
varying thicknesses is shown in Fig. S6.7 The samples are
opaque for wavelengths less than 480 nm. As a result, all the
measurements have been reported beyond the probe wave-
length of 480 nm. Although colloidal dispersions of titania are
known to absorb only in the ultraviolet region, the present
film materials are considerably thick and absorb even the
longer wavelengths. The dynamics of TiO, are monitored by
pumping at 380 nm. Fig. 4 displays the wavelength-dependent
kinetic traces at varying thicknesses of the TiO, films. The
4 pm thick TiO, film exhibits stimulated emission at wave-
lengths less than 500 nm. The spectra are dominated by strong
positive signals beyond 500 nm. The kinetic traces between
500 and 620 nm show a prominent rise, followed by the decay
of excited state absorption. Meanwhile, the kinetic traces at
redder wavelengths only exhibit decay. The stimulated emis-
sion is not observed with 6 and 10 pm thick TiO, films
because of a lack of data at the corresponding wavelengths.
Nevertheless, a prominent slow rise in the excited state absorp-
tion was observed in all the cases. It is interesting to note that
in the 4 pm thick titania, the slow initial rise observed at wave-
lengths less than 620 nm is absent beyond 650 nm, where only
decay is observed (Fig. 4a). However, the 10 pm TiO, continues
to show the initial slow rise even at longer wavelengths. The
kinetic traces beyond 20 ps time scales overlap for all the three
samples irrespective of the thickness (Fig. S7,f Table 1). All
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Fig. 4 The transient kinetic traces for TiO, with different thicknesses, namely (a) 4 pm, (b) 6 pm, and (c) 10 pm, at different probe wavelengths. The

samples are pumped at 380 nm.

Table 1 Summary of kinetic parameters at representative wavelengths of TiO,, BiVO,4, and SEI-BVT

Sample Thickness Apump Aprobe 71/ps 7,/ps 73/ns 74/08
TiO, 4 pm 380 480 4.9+0.3 — — —
540 24+11 125 + 67 1.0+ 0.2 —
600 — 116 + 3.7 1.4 £0.07 —
720 — 83+2.8 0.9 £0.05 —
6 pm 540 3.7+£1.9 150 + 59 22+1.2 —
600 1.0+11 119 +11 1.5+0.2 —
720 — 88 +2.7 1.2+0.4 —
10 pm 540 4.7 +2.3 200° 1.6 +0.9 —
600 50+x2.1 200 +110 2.0+0.8 —
720 5.0+3.9 200 + 74 2.0+£0.8 —
BivO, 1.5 pm 380 480 3.5+£0.6 200 £ 150 — Long lived
540 5.0+1.2 200 — Long lived
600 6.0+ 1.6 200° — Long lived
720 6.0+5.4 200 + 186 — Long lived
1.5 pm 450 540 3.2+28 — — Long lived
600 4.7+1.9 — — Long lived
720 6+4 — —
SEI-BVT 4 pm 380 550 1.0+ 0.3 43 £19 1.8+0.2 Long lived
720 1.2+0.1 33+4 1.5+0.3 Long lived
6 pm 550 1.2+1.0 47 £25 1.9+1.2 Long lived
720 2.0+0.4 30° 1.0+0.3 Long lived
10 pm 550 1.4+04 50 £ 27 2¢ Long lived
720 2.0+0.4 30+10 1.4+0.7 Long lived
4 pm 450 550 — 30+ 15 0.5+0.3 Long lived
720 1.5+0.3 265 0.6 £0.1 Long lived
6 pm 550 2.6 £0.2 46° 0.5 Long lived
720 1.6 +0.3 28+6 0.8 +£0.3 Long lived
10 pm 720 3.0+£2.9 50 +30 0.8+0.5 Long lived

“Lifetime is kept fixed during the fitting procedure. Lifetimes reported in bold have negative amplitudes. The kinetic parameters at other repre-

sentative wavelengths are presented in Fig. S11-S18 and Tables ST2-ST5.}

our measurements have been carried out at sufficiently low
energies to subdue higher-order electron-hole recombination
processes.

The sub-nanosecond processes in titania are governed by
the relaxation of surface charge carriers and trapped electrons
that migrate within the nanoparticles."”*® The spectral signa-
tures are manifested as stimulated emission at the bluer wave-
lengths and the excited state absorption takes place in similar

12744 | Nanoscale, 2025, 17,12738-12750

time scales. They can be assigned to the generation of the
surface carriers. The stimulated emission has been ascribed to
charge recombination, while the absorption to the holes. The
formation of charge carriers is followed by the migration of
the generated carriers. The excited state absorption between
500 and 800 nm can be associated with this process. A slower
rise in the absorption band for the thick 10 pm film can be
explained on the basis of slower migration of the surface-

This journal is © The Royal Society of Chemistry 2025
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trapped electrons and holes. Meanwhile, in the thinner films,
the charge migration process is sufficiently fast. As a result,
only a fast and slow decay is noticed in the thin films at longer
wavelengths. The rates observed for generating charge carriers
and recombining electrons and holes are similar to those
reported in earlier works.">® The 5 and 40 ps components are
assigned to intra-band electron relaxation and hole migration.
The slowest process beyond 200 ps is usually ascribed to the
recombination of the electrons and holes. This process is
invariant with the thickness of titania. This is not unusual
since the recombination process is governed by the band gap
in TiO,, which is not expected to differ in the samples with
varying thicknesses. Hence, it may be summarised that the
charge carriers are formed within a few hundred femtoseconds
in titania. However, the migration of the holes and electrons
depends on the thickness of TiO, due to the deep traps that
can be present in thicker samples. Meanwhile, the recombina-
tion of the electrons and holes is independent of the material
thickness.

The excited state dynamics of BiVO, films are monitored by
pumping at two different wavelengths, namely 380 (UV) and
450 nm (visible). The kinetic traces at a few representative
wavelengths are shown in Fig. 5. The lower energy, 450 nm,
excitation matches closely the band gap of BiVO,. This results
in populating the lowest levels of the conduction band. The
transient spectra reveal only negative bands across the wave-
lengths probed. A negative band at longer wavelengths in a
transient absorption spectrum is associated with stimulated
emission. The normalised kinetic traces at different probe
wavelengths overlap with each other, indicating that the entire
negative band originates from the same state (Fig. S8t). The
amplitude of these signals is very low, suggesting that a very
small population is excited at this wavelength. The transient
absorption spectra from the two experiments, i.e. by exciting at
380 nm and 450 nm, are shown in Fig. S9.f When excited at
380 nm, BiVO, exhibits a broad excited state absorption
throughout the probed region. The decays are invariant across
the probe wavelengths. Representative decays at a few wave-
lengths across the spectra are shown in Fig. 5a. The decays can
be characterized by two distinct features: a short sub 10 ps

4F
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(=]
S
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0 20 ~ 2000 4000 6000
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increase followed by decay with a lifetime of ~200 ps that
evolves to a long-lived state that does not decay within the
measurement time of the instrument. The lifetimes obtained
are in similar scales reported in earlier works on thin films of
BiVO,.*** The short component is assigned to the electron
relaxation to the bottom of the conduction band while the
long nanosecond component is attributed to the electron-hole
recombination process.>> Thus, pumping at a higher energy
than the band gap results in states that decay to long-lived
deep traps, eventually leading to electron-hole recombination
processes. Such deep traps are not formed when BiVO, is
excited to lower levels by the 450 nm pump.

Having monitored the dynamics of TiO, and BiVO, inde-
pendently, we probed the dynamics of the heterojunctions in
SEI-BVT. The heterojunctions resulting from the SILAR
method are monitored by pumping at two different wave-
lengths, 380 nm, and 450 nm, corresponding to the direct exci-
tation of TiO, and BiVO,, respectively. It is observed that the
kinetic traces post-excitation at 450 nm are independent of the
thickness of the SEI-BVT film (Fig. 6); a similar observation is
made when pumped at 380 nm. This suggests that the nature
of heterojunctions is the same irrespective of the thickness of
the materials under study. It is worthwhile to note that thin
films of TiO, exhibited wavelength-dependent kinetics, while
thicker samples did not (Fig. 4). Meanwhile, BivO, did not
exhibit a wavelength-dependent dynamics change when
excited at the band edge but did show dependence when
excited much above the band edge (Fig. 6). The reasons are
explained in the preceding paragraph.

The dynamics observed for the heterojunctions present in
the SEI-BVT material are distinctly different from those of
individual components (Fig. 4 and 5), suggesting the for-
mation of new states that can affect the photocatalytic pro-
perties of the materials. The transient kinetics at a few repre-
sentative wavelengths by pumping the material at 380 nm and
their comparison with those of TiO, and BiVO, are provided in
Fig. 7. The most noteworthy feature is the formation of new
long-lived states in the thin-layered (4 and 6 pm) samples.
Compared to bare TiO,, where the formation of charge carriers
is ultrafast, in the case of the SEI-BVT with abundant hetero-

02f
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<
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Fig. 5 The transient absorption kinetic traces of bulk BiVO, at different probe wavelengths when pumped at (a) 380 nm and (b) 450 nm.
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junctions, this appears to slow down. It also underscores a sig-
nificantly slower decay process within 10 ps post excitation
with SEI-BVT. This sub-10 ps process is followed by a long
decay whose amplitude is significantly higher than that of
TiO,; this is especially important, given the predominant
amount of TiO, (>97%) in SEI-BVT. These timescales corres-
pond to the charge carrier migration through titania, which
appears to slow down in the presence of heterojunctions in
SEI-BVT. As the films become thick (10 pm; Fig. 7h and i), the
long-time decay, beyond 1 ns, matches those of bare TiO,.
Hence, it may be inferred that bulk-like features of TiO,
become prominent as the samples become thick. A similar
exercise is carried out for samples pumped at 450 nm. Since
bare TiO, does not give any transient spectra at this excitation,
a comparison with TiO, cannot be done.

Fig. 8 compares the dynamics of the heterojunctions in
SEI-BVT with bulk BiVO,. The most striking difference noted
is that BivO, exhibited only negative signals in the transient
spectra, while the heterojunctions have only positive signals.
For comparison, the stimulated emission decays of BiVO, have
been multiplied by —1 and overlaid with the decays of SEI-BVT
(Fig. 8). It should be emphasized at this stage that very weak
stimulated emission was noticed for bulk BivVO, (Fig. S9t)
compared to the strong excited state absorption when BiVO,
was excited higher than the band gap. It is likely that in hetero-
junctions, the excited state absorption is much stronger than
that of stimulated emission, which is not apparent in the data.
It is observed that the traces up to 4 ps are nearly similar. This
observation becomes more apparent at the redder wavelengths
and in thicker samples (¢f. Fig. 8c, f and i). It is to be reiterated
that no positive signals were observed from bulk BiVvO, and

4pum
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the kinetic trace at the respective wavelength is multiplied by
—1 for overlay and comparison with SEI-BVT. Beyond this
time, the decay of the excited state absorption is not com-
pleted within the time scales of our measurements (Table 1).
Meanwhile, the stimulated emission approaches near zero
within 2 ns. Hence, excitation at 450 nm generates the charge
carriers in SEI-BVT similar to that of BiVO,; however, the
recombination is highly hindered when heterojunctions are
formed. The particle size of BiVO, (400 + 100 nm; Fig. S57) in
bare BiVO, is much larger than that of SEI-BVT; the latter exhi-
bits the size of BV QDs in the order of a few nanometers. This
is manifested in the form of the intermediate lifetime com-
ponent over 1-2 ns in SEI-BVT. This new state can be attribu-
ted to the slower charge migration on the surface of SEI-BVT.
The bulk BivO, does not exhibit such a state because the
charge recombination occurs on a much faster timescale. This
new state can explain the enhanced IPCE, which increases five-
fold and exhibits around 30% efficiency (Fig. 3b). The fast life-
time of 30-50 ps in SEI-BVT can be assigned to the recombina-
tion of trapped holes and excited free electrons, whereas the 1
ns process is attributed to the recombination of trapped holes
and trapped electrons. The fast process is invariant with the
sample thickness; thus, it may be inferred that such a recombi-
nation is localised to heterojunctions only. Since the number
of heterojunctions in SEI-BVT per sq cm is in trillions, the
effect is multi-fold, and a high increment in IPCE current is
noticed. The invariance in lifetimes of the fast process with
the thickness of the material has been observed earlier with
the WO;/BiVO, material as well.>*® In WO,/BiVO,, it was pre-
dicted that the photogenerated holes live longer. Our experi-
ments with SEI-BVT show a similar feature. This aspect
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Fig. 8 Comparison of kinetic traces of BiVO, (black) and SEI-BVT (green) at different probe wavelengths and pumped at 450 nm for 4 ym (a—c),
6 um (d—f), and 10 um (g-i) thick layers of the nanocomposite. It is to be noted that the BiVO, data have been multiplied by —1 for better visualiza-

tion and comparison.
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enhances the first step of water splitting to produce protons
and electrons, which is essential for CO, reduction. The same
conclusions can be arrived at when the material was excited at
the wavelength at which TiO, shows strong absorbance. The
effect of excitation wavelengths on the heterojunction films is
shown in Fig. S10.1 It is readily observed that the late-time pro-
files beyond a nanosecond are nearly overlapping and indepen-
dent of the pump wavelength. This indicates that the same
long-lived state is attained irrespective of how the carriers are
generated (Table 1). Based on the experiments presented in
this work, we conclude that the formation of heterojunctions
results in the formation of newer states that absorb well in the
mid-visible regions. The schematics of the excited state
process are depicted in Fig. 9. The valence bands of BiVO, lie
above TiO,; consequently the charge carriers can easily
migrate retarding the recombination processes. These newly
formed states are long-lived and, as a result, improve their
catalytic efficiency. Furthermore, the BV QDs in SEI-BVT have
marginally higher band gaps than bulk BivVO,, as seen from
the absorption curves (Fig. 2a) and substantiated by the transi-
ent absorption measurements where a strong positive band in
the mid-visible wavelength range is observed due to intra-band
transitions. Indeed, this is the main reason for observing the
7% IPCE current, even at wavelengths between 520 and
700 nm, and possibly above 700 nm (Fig. 3b).

Long-lived charge-separated states, along with a different
and prolonged relaxation process observed with SEI-BVT,
make the holes available for water oxidation. Indeed, this is
the critical and most sluggish step in water activation to mole-
cular oxygen and simultaneous proton formation. Under the
current APS experimental conditions, CO, dissolved in the
molecular form in water is available, and it readily reacts with
protons to form carbonic acid. This is confirmed from the
observation of a decrease in pH to about 5-5.5 under experi-
mental running conditions. Up to 30% IPCE shown in Fig. 3b

12748 | Nanoscale, 2025, 17,12738-12750

demonstrates the injection of electrons from BV QDs into TiO,
in SEI-BVT. These observations underscore the efficient utiliz-
ation of holes for water oxidation and electrons for reduced
products of CO, to methanol and formaldehyde.

Conclusions

The BiVO,-TiO, SEI-BVT films prepared using the SILAR tech-
nique, containing 97.5 wt% TiO, and 2.5 wt% BiVO, QDs in
the pores of the former result in the formation of abundant
heterojunction structures. The interaction between the energy
levels of the two semiconductors gives rise to newer states
thereby generating a significantly large number of charge car-
riers resulting in a retarded charge recombination process
leading to long-lived charge separated states. The formation of
charge carriers in the SEI-BVT material due to absorption of
photons seems to occur in a similar manner irrespective of
individual components. However, the relaxation processes are
highly altered. The relaxation processes are shown to continue
for several nanoseconds. These long-lived states could be the
primary reason for the enhanced photocatalytic efficiency of
the SEI-BVT material. Analysis of such engineered photocata-
lysts is likely to lead to a better understanding of the role of
heterojunctions in charge separation. The current work also
underscores that electronic and structural integration of indi-
vidual components of composite photocatalysts is essential for
improving their overall activity.
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